Capacitor oil samples (PCBs . 90%wt) were treated in a bench scale experiment to investigate the destruction of PCBs during chemical destruction processes (a catalytic hydrodechlorination treatment with palladium carbon and additional treatment with potassium tert-butyloxide). Using those results, this study confirmed the decrease of PCBs and other undesirable dioxin-like compounds such as PCDD/Fs in treated samples during the treatment. Dioxin-responsive chemical-activated luciferase expression (DR CALUX w ) AhR reporter gene bioassay was used to evaluate dioxin-like activity in the samples. During the treatment, the efficiency for PCB capacitor oil was around 99.99% or more in WHO-TEQ and CALUX-TEQ, whereas the sum of PCBs was reduced at a resulting efficiency of . 99.9999%. In this study, a new cleanup procedure for separating PCBs from the mineral oil matrix was also developed for DR CALUX. The procedure consists of dimethylsulphoxide partitioning followed by silica gel-44% sulphuric acid reflux treatment and activated carbon chromatography. With the cleanup, CALUX-TEQ values were in good agreement with WHO-TEQ values and were as much as 3.3 times higher than WHO-TEQs for untreated/treated PCB-containing insulating oil samples. The DR CALUX results of mineral oil samples containing various PCB concentrations of 0.5-50 mg/kg (corresponding WHO-TEQs: 0.012 -1.2 mg-TEQ/g) also correlated well with WHO-TEQs (CALUX-TEQ/WHO-TEQ ratio ¼ 1.0-3.0), which was consistent with the theoretical quantification limit of the CALUX. These results supported the validity of the proposed clean-up method.
Introduction
Several non-incineration chemical treatment technologies have been developed and introduced to destroy PCB stockpiles in Japan. In particular, according to related laws and guidelines, regional treatment facilities have been constructed and operated by the government at five locations nationwide. They apply chemical treatments to PCB wastes such as PCB oils and PCB-containing materials (Japan Environmental Safety Corp.).
The PCB destruction method described in this paper uses a catalytic hydrodechlorination (CHD) with 5% palladium carbon (Pd/C) catalyst , along with a reaction using potassium tert-butyloxide (t-BuOK) that is aimed at further destruction of residual PCBs . The CHD process was actually adopted at the Osaka facility as part of a national PCB treatment project. Its operation begins in 2006. The following advantages are expected using combined PCB destruction methods: (1) nearly complete dechlorination (. 99.9999%) of high concentrations of PCBs (ca. 10% solutions); (2) closed-system treatment; (3) no formation of hazardous polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs); (4) easy recovery of solvents, catalysts and reaction products .
The present study was intended to confirm the decrease of PCBs and other undesirable dioxin-like compounds such as PCDD/Fs in capacitor oil samples (PCBs . 90 wt%) during treatment. Both chemical analyses (sum of PCBs, WHO-TEQ) and dioxin-responsive chemical activated luciferase expression arylhydrocarbon receptor (AhR)/reporter gene bioassay (DR CALUX w ) were conducted for monitoring the substances. The DR CALUX offers an AhR-based toxicological risk assessment by measuring the dioxin-like activity of treated samples.
Our study also specifically examined the DR CALUX detection of PCBs (TEQ) from PCB-contaminated mineral-insulating oil samples. Mineral-insulating oil contains large amounts (several wt%) of polyaromatic hydrocarbons (PAHs) that originate from the mineral oil. The AhR-binding activity of PAHs may be overwhelming and can engender the misinterpretation of activity derived from PCBs. For that reason, this study validated and evaluated cleanup procedures for separating PCBs from the mineral oil matrix.
Materials and methods

PCB oil samples
Two PCB oil samples (Samples 1 and 2, see Figure 1 and Table 1 ) from used capacitors were prepared. The purities of PCBs in Samples 1 and 2 were 90% (w/w) with tri-chlorinated and tetra-chlorinated congeners as the majority and 96% mostly with tri-, tetra-and penta-chlorinated ones, respectively. One PCB-containing insulating mineral oil sample used in a transformer for home distribution was also chosen as a test sample (Sample 7, see Table 1 ).
PCB CHD/t-BuOK treatment
The reaction mechanism of CHD treatment is the replacement of PCB chlorine with hydrogen atom by catalysis of Pd/C . After CHD, t-BuOK treatment was adopted, during which the residual PCBs are allowed with t-BuOK. The chlorine in PCBs is eliminated as potassium chloride . Figure 1 shows the sampling scheme during the combined treatment process. In this study, 3 kg of PCB capacitor oil (Sample 2) and 17 kg of paraffin oil were poured into a reactor and 100 g of a Pd/C catalyst was dispersed into the solution. Air evacuation was carried out primarily to remove oxygen; hydrogen was introduced into the reactor at 20 L/min. Hydrogen was consumed during dechlorination of PCBs. The solution was stirred at 800 rpm and heated to the objective temperatures. Sample 2 was processed by CHD treatment under two conditions to obtain Samples 3 and 4. Hydrogen chloride gas produced by the reaction was carried with the hydrogen stream and was absorbed in the sodium hydroxide solution. After CHD treatment, the Sample 4 solution separated from the catalyst was treated using t-BuOK for further dechlorination. Sample 4 was mixed with t-BuOK (1.5% (w/w) in the mixture) and was allowed to pass through a reactor that was maintained at 250 8C. Samples 5 and 6 were taken respectively at 5 and 20 min of reaction time. The sampled oil was washed with dilute sulphuric acid and passed through an activated carbon filter to remove unreacted t-BuOK and the product potassium chloride.
Sample extraction and cleanup
For chemical analyses, the extract obtained by shaking the oil sample with toluene was concentrated, then applied directly to a multilayer silica gel column and eluted with n-hexane (200 ml). The eluate was concentrated and purified on alumina as an analytical sample.
Regarding DR CALUX, the sample extraction and cleanup were conducted as follows (A -D). After treatment by each method, the obtained fractions were replaced with a small volume (50-100 mL) of dimethylsulphoxide (DMSO) for the subsequent DR CALUX bioassay.
Two methods (A and B) were basically applied to all oil samples. (i) Extraction from samples (0.1 -1 g) was made with DMSO (25 ml £ 4), which was followed by re-extraction with n-hexane (75 mL £ 3). (ii) Additional cleanup was conducted using the n-hexane fraction obtained by method A, in which the n-hexane fraction was applied to a silica gel (1 g)/silica gel-22% sulphuric acid (4 g) column and eluted with n-hexane (50 mL). Additional cleanup methods (C and D) were applied to three samples (Samples 3, 4 and 7). (iii) The n-hexane fraction obtained in method A was processed by the silica gel -44% sulphuric acid reflux treatment (150 g of silica gel -44% sulphuric acid was mixed with 300 mL of diluted n-hexane fraction) at 70 8C for 1 h. (iv) The fraction refluxed by silica gel -44% sulphuric acid was applied to 4 g of activated carbon dispersed silica gel column. Elution was conducted with n-hexane (240 mL) to afford a non-dioxin-like (2 -4 ortho) PCB fraction, followed by 25% dichloromethane/n-hexane (160 mL) to yield a dioxin-like mono-ortho PCB fraction, and finally, by toluene (800 mL) to obtain non-ortho PCBs and PCDD/Fs. The second and third fractions were combined.
Chemical analysis
The analyses of PCDD/Fs, dioxin-like PCBs and total PCBs were performed using highresolution gas chromatography/high-resolution mass spectrometry (HRGC/HRMS). The WHO toxic equivalents (WHO-TEQs) were calculated for the PCDD/Fs and dioxin-like PCBs.
DR CALUX
This study used rat hepatoma H4IIE cells that were stably transfected with an AhR-regulated luciferase gene construct. We performed CALUX in 96-well cell culture plates (Packard BioScience/PerkinElmer, Inc.), as described in recently published studies (Behnisch et al., 2002a, b; Takigami et al., 2005) . The exposure time was 24 h. Luciferase activity was measured using a luminometer (ATTO Bioscience) using a LucLite assay kit (Packard BioScience/PerkinElmer, Inc). Dose-response data for 2,3,7,8-TCDD (positive standard) were processed using analytical software -SlideWrite Plus Ver. 5.0 (Advanced Graphics Software GmbH) -with a one-site ligand sigmoidal curve-fitting program. The concentration of "CALUX-TEQ" in the unknowns was determined through interpolation. The response data between EC 5 and EC 20 values of 2,3,7,8-TCDD response curve were interpolated on the curve to calculate CALUX-TEQ concentrations (EC 5 is the approximate limit of quantification). The CALUX-TEQ values were corrected by subtracting those values for procedural blank samples corresponding to each cleanup method. , which did not clear the Japanese PCB oil treatment standard (500 ng/g), was treated additionally by t-BuOK. Subsequently, treated Samples 5 and 6 cleared the PCB treatment standard, respectively, after 5 and 20 min of reaction time. The t-BuOK treatment was adopted to follow CHD treatment and achieve complete dechlorination of residual PCBs in a shorter time. This study also confirmed that PCB concentration was reduced sufficiently by the combined treatment system. During CHD processing, PCBs are mainly converted to biphenyl, phenylcyclohexane and bicyclohexyl, whereas hydroxybiphenyls are major products obtained after the t-BuOK process. Those products have been clearly identified and quantified in previous studies . However, formation of trace amounts of byproducts was unknown. In view of this fact, the DR CALUX was applied to the PCB-treated oil samples to detect unknown dioxinlike byproducts as well as dioxin-like PCBs and PCDD/Fs. Table 1 presents CALUX-TEQ values. For untreated capacitor samples (Samples 1 and 2, cleaned up by method A), respective CALUX-TEQ values of 2,300 and 5,100 ng/g were obtained. The CALUX analyses for the treated oils (Samples 3-6, cleaned using method A) resulted in TEQ values with a range of 0.35 -0.78 ng/g, indicating a DE of 99.98-99.993% in CALUX-TEQ. The two twice-treated oil samples (Samples 5 and 6) showed unchanged CALUX-TEQ values compared with that of intermediate-treated Sample 4, despite a one-order difference in PCB concentrations between them. With additional cleanup by method B, CALUX-TEQ values for the treated samples (Samples 3-6) were reduced at least to half, with the exception of Sample 4. The difference in CALUX-TEQ between the two cleanup methods could be caused by labile AhR ligands remaining in samples cleaned up by method A and that are removed by method B. The ratio values (R ba ) between CALUX-TEQ and WHO-TEQ for untreated Samples 1 and 2 were 1.9 and 2.0, respectively, which showed agreement with the R ba values (1.1 and 1.2) for capacitor oil samples reported by Behnisch et al. (2002a, b) . The R ba values for treated Sample 4 were 3.2 (cleaned using method A) and 4.1 (cleaned using method B), whereas those R ba values were not calculated for treated Samples 5 and 6 because of the lack of HRGC/HRMS data.
Results and discussion
On the other hand, in the case of treated Sample 3, a great difference was observed between CALUX-TEQ and WHO-TEQ (R ba : 1,100, method A; 500, method B) . This difference might be attributable to dechlorination products such as biphenyl by CHD treatment. The major byproduct, biphenyl, could be a candidate contributing to CALUX-TEQ, but it is labile and possesses very little AhR agonistic activity in the CALUX. Biphenyl is at least eight orders of magnitude less potent than TCDD (our data) and cannot be detected even if it is contained to the extent of 100 mg/g in oil. Also, from untreated insulating mineral oil (Sample 7), a much higher CALUX-TEQ value was observed than expected (R ba : 7,300, method A; 10,000, method B). Mineral-insulating oil contains high amounts (several wt%) of polyaromatic hydrocarbons (PAHs) originating from mineral oil. The AhR-binding activity of PAHs might contribute to DR CALUX results and could engender misinterpretation of the AhR activity of PCBs.
Therefore, cleanup procedures for separating PCBs from mineral oil matrix (or chemical treatment products) were examined and validated. Silica gel-sulphuric acid reflux treatment was introduced and its results were compared with those obtained using other cleanup methods -sulphuric acid treatment and silica gel sulphuric acid column treatment -in terms of removal of PAHs (biphenyl and 16 US EPA-PAHs). The n-hexane fraction obtained by each method was analysed for PAHs (Table 2 ). In the case of sulphuric acid treatment, nine PAHs, including CALUX-active benzo[b]fluoranthene, benzo[k]fluoranthene and indeno[1,2,3-cd]pyrene, remained with recoveries of more than 50%. However, by conducting silica gel -22% sulphuric acid column treatment or silica gel -22% sulphuric acid reflux treatment, a greater than 99.9% removal rate was obtained for each of the 12 and 11 PAH compounds. Among the cleanup methods tested, silica gel -44% sulphuric acid reflux treatment demonstrated the highest removal rate for all investigated PAHs, which was more than 99.9% for 16 US EPA-PAHs and 87% for biphenyl. Table 3 shows recoveries of the spiked mixture of 13 C-labelled PCDD/Fs, polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs) and PCBs during silica gel -44% sulphuric acid reflux treatment. The recoveries were quite good, except for that of 4-monochlorobiphenyl (10.3%); they were 83.3 -124%. Therefore, it was confirmed that silica gel-44% sulphuric acid reflux treatment is useful for separating PCBs and PCDD/Fs from PAHs, suggesting its applicability as a cleanup method for mineral oil samples in which detection of dioxin-like compounds is made by DR CALUX. The three treated oil samples (Samples 3, 4 and 7) were cleaned using method C (silica gel -44% sulphuric acid reflux treatment) or D (method C followed by an additional carbon column fractionation to obtain AhR agonistic 0-1 ortho planar PCBs and PCDD/Fs) and assayed using DR CALUX (Table 1) . Overestimation (. 1,000-fold interference) of CALUX-TEQ for Samples 4 and 7 was improved remarkably by completing method D. Finally, the respective R ba values for Samples 4 and 7 became 2.8 and 3.3. The CALUX-TEQ value for Sample 3 was less than the determination limit (, 0.1 ng/g). 2,2 0 ,4,4 0 ,5,5 0 -HxCB 92 2,2 0 3,4,5,5 0 ,6-HpCB 88.6 2,2 0 3,3 0 ,4,4 0 ,5,5 0 -OCB 89.9 2,2 0 3,3 0 4,4 0 5,5 0 6-NCB 86.3 DeCB 91.6 Insulating mineral oil had an extremely strong matrix effect in the DR CALUX assay, as mentioned previously. We prepared PCB (Kanechlor 400)-fortified mineral oil samples of 0.5, 5 and 50 mg PCB/g. Fractions obtained by methods C and D (corresponding to 5 g of oil samples) were tested by the DR CALUX and the obtained CALUX-TEQ values were compared with WHO-TEQ values ( Table 4 ). The DR CALUX data showed good agreement with WHO-TEQ values (R ba ¼ 1.0-3.0) for all tested ranges of PCB samples in both fractions of methods C and D. Theoretically, the DR CALUX method can quantify TEQ up to 0.01 ng/g (10 pg/g) level on this scale of sample cleanup using 5 g of sample, which was consistent with assay results. However, the difference between results with and without the use of activated carbon dispersed silica gel was not clear in terms of CALUX-TEQ for the prepared samples. That fact is of interest and remains the focus of detailed investigations.
Conclusions
From a toxicological viewpoint and based on the necessity for rapid screening, DR CALUX analysis is a promising tool to measure the reduction of PCBs and other undesirable byproducts, such as PCDD/Fs, during PCB destruction processes. High destruction rates of PCBs and dioxin-like compounds were accomplished by CHD and additional t-BuOK treatments on a bench scale; they were confirmed by bio/chemical combinatorial analyses. For DR CALUX detection of dioxin-like compounds in mineral insulator oil or PCB-treated oil samples, silica gel -44% sulphuric acid reflux treatment is an effective and valuable technique with regard to removal of PAHs and recovery of dioxin-like compounds, such as PCBs and PCDD/Fs, from the sample matrix.
